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a  b  s  t  r  a  c  t
A  static/quasi-static  magnetic  ﬁeld  sensor  is  developed  by  using  a double  ended  trip-beam  tuning  fork
(TBTF),  a TbxDy1-xFe2-y plate  and several  piezoelectric  Pb(Zr1−xTix)O3 (PZT)  plates.  The TBTF  is boned
horizontally  across  two ceramic  supports  which  are  ﬁxed on  the  ends  of the  TbxDy1-xFe2-y plate.  The
magnetostrictive  stress  induces  an  axial  force  in  the TBTF,  which  causes  the  resonance  frequency  of  the
TBTF to  increase.  The  theoretical  analysis  shows  that  the magnetostrictive  stress  increases  approximately
linearly  with  the increase  of  the  external  DC  ﬁeld,  and  so  does  the  resonance  frequency  shift  of the  TBTF.
The  magnetostrictive  stress  can  get  to  32.65  MPa  at the  ﬁeld  of 1000  Oe, and the  total  frequency  shift
respectively  achieves  2.97%  and  16.67%  under  the  assumption  of 10%  and  60%  transmission  efﬁciencies
(as  the  sectional  area  of  the  magnetostrictive  plate  being  6mm  × 1 mm).  A Be-bronze  TBTF  based  sensorriple beam tuning fork was  fabricated,  and  the  frequency  shift  of  2.1%  was  obtained  by  applying  a  DC magnetic  ﬁeld in  the  range
of  0–1000  Oe.  The  magneto-mechanical  damping  in  the  magnetostrictive  plate  has  no inﬂuence  on the
quality  factor  of the  TBTF  which  is found  to be  relatively  constant  after  an  initial  increase.  The  results
show  the great  potential  to realize  a high  sensitivity  magnetic  sensor  featuring  high  quality  factor  and
digital  frequency  output.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
The magnetostrictive/piezoelectric laminate composites
MPLC) have generated a great deal of interest due to their poten-
ial applications for highly sensitive magnetic ﬁeld sensors [1].
he magnetoelectric (ME) effect in MPLC was demonstrated to be
easible for detecting a low frequency(10−2–103 Hz)magnetic ﬁeld
ith the sensitivity of pico Tesla [2]. However, the ME voltage of
he ME  laminate has shown a roll-off characteristic with decreasing
requency due to the clamped capacitance of the piezoelectric layer
3]. In order to design a DC or quasi-static magnetic ﬁeld sensor
ased on ME  effect, a coil have been used to generate constant AC
rive ﬁeld [4].
Recently, Jahns et al. [5] presented a cantilever beam MEMS  res-
nator with a stack composed of SiO2/Pt/AlN/FeCoSiB, which can
etect a low-frequency magnetic ﬁeld by measuring the reactive
urrent of the electromechanical resonator. The method provides
∗ Corresponding author
E-mail address: lxbian@163.com (L. Bian).
ttp://dx.doi.org/10.1016/j.sna.2016.06.041
924-4247/© 2016 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
a very low limit of detection of 6 nT. T.X. Nan et al. [6] demon-
strated a 215 MHz  magnetoelectric NEMS resonator based on an
AlN/(FeGaB/Al2O3) heterostructure, the admittance of the NEMS
resonator was very sensitive to DC magnetic ﬁelds at its elec-
tromechanical resonance. They considered that the variation of the
admittance or the reactive current of the resonators to DC mag-
netic ﬁeld are primarily resulted from the frequency shift of the
resonators due to the E  effect of FeCoSiB or FeGaB [5,6].
We could not help thinking that it is more reasonable to detect
magnetic ﬁelds through straightforward measuring frequency shift
of a resonator. As the outputs of the sensors (e.g., in ref. [5,6]) are
analogue signal with very small amplitudes, these sensors usu-
ally require conditioning circuits containing low-noise ampliﬁers,
noise-reduction ﬁlters followed with A-D converters and digital sig-
nal processors. In general, the lock-in detecting scheme has to be
applied in such cases. In contrast, the frequency shift of an oscilla-
tor can be readily acquired merely by a counter. Furthermore, the
detection of frequency shift is inherently insensitive to noise. Kiser
et al. [7] reported a doubly clamped Metglas resonator in which
the ﬁeld-induced resonance frequency shift was used for magnetic
ﬁeld sensing. The sensitivity was  found to be 4.7 Hz/T at a DC bias
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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F = ˇFM = ˇAE (H) ε (H) (6)Fig. 1. The conﬁguration of the resonant magnetic sensor.
f 700 T. However, the quality factors (Q-factor) of the resonators
ased on Metglas is inevitably poor due to the low mechanical Q-
actor of amorphous material [8,9]. We  also note that the Q-factor of
he composite resonators are restricted to low values (e.g., 260 for
iO2/Pt/AlN/FeCoSiB [5], 250 for AlN/(FeGaB/Al2O3 @ 15 Oe [6]) due
o the low mechanical Q-factor of magnetostrictive material. High
-factor is a necessary condition for high resolution of frequency
hift or the parameters to be measured. Actually, resonators (e.g.
uartz tuning fork) with high Q-factor (104-105) have been widely
sed to design various sensors such as force [10], pressure [11], or
icro-mass [12].
In this paper, a magnetic ﬁeld sensor with frequency shift has
een developed by using a tuning fork resonator, a magnetostric-
ive plate and several piezoelectric PZT [Pb(Zr1−xTix)O3] plates. The
rinciple, modeling, design and feasibility of the resonant magnetic
ensor based on a resonator and magnetostrictive material was dis-
ussed. In the prototype, the tuning fork resonator is a double ended
riple beam tuning fork (DE-TBTF) fabricated from beryllium bronze
Be-bronze) sheet. Two piezoelectric PZT8 elements are used to
rive and detect the vibration of the TBTF. The magnetostrictive
late serves as an actuator which generates a longitudinal force
long the axial of the TBTF. The longitudinal force causes the natural
requency of the TBTF to increase. Specially, the magnetomechan-
cal damping (MMD) in magnetostrictive plate has no inﬂuence on
he Q-factor of the resonator. In this manner, the resonant sensor
an achieve a very high mechanical Q-factor.
. Principle and design of the resonant magnetic ﬁeld
ensor
The resonant magnetic sensor consists of three parts, namely
E-TBTF, ceramic supports, and a magnetostricive plate, as shown
n Fig. 1. The double ends of the TBTF are bonded to the supports
hich are bonded on the surface at each end of the magnetostric-
ive plate, allowing the magnetostrictive stress to be convened into
ongitudinal stress in the TBTF. The longitudinal stress causes the
atural frequency of the TBTF to increase. The resonator can be
aintained in continuous oscillation at resonance by an oscillatorors A 247 (2016) 453–458
circuit and the frequency shift can be easily picked up through a
frequency counter [13,14].
The TBTF is designed with symmetrical structure in which the
central beam is twice the width of the two outer beams. Two piezo-
electric ﬁlms are bonded on the surface regions at each end of the
central beam. One is used to excite the TBTF into vibration, while the
other is used to pick-up the vibration. The TBTF is operated at an
optimal mode, i.e., the central beam generates a ﬂexural motion,
and it moves anti-phase with the two  outer beams. In this way,
both of the bending moments and the shear forces at the common
mounting zones are cancelled out. In this case, little vibrational
energy is coupled into the supporting frame at either end [15].This
phenomena will improve the Q-factor of the resonator. More infor-
mation about the design of a TBTF can be found in [15].
For a single beam operating in ﬂexural mode of vibration, the
fundamental resonant frequencyfr is dependent on the force F
applied along its longitudinal direction. The expression is given by
equation (1) [16]
fr = f0
√
1 + nF l
2
12EbI
(1)
where
f0 =
˛2n
2l2
√
EbI
A
(2)
where,A = bh and I = bh3/12 are cross-section area and the second
moment of inertia, respectively;l, h, b are the length, thickness and
width of the beam, respectively; Eb is the Young’s modulus of the
beam,  is mass density, f0 is the fundamental resonant frequency
for zero applied longitudinal force. For the fundamental mode, the
two constants 0 and 0 are 4.730 and 0.295, respectively.
The expressions (1) and (2) deﬁne the fundamental frequency
of a single beam under axial force. The equations can be modiﬁed
for a TBTF by taking into account the three beams conﬁguration,
i.e., the cross-section area and the second moment of inertia are
modiﬁed as the sum of the three beams. Equivalently, the width b
is modiﬁed as the sum of the width of the three beams. A similar
modiﬁcation is shown in [17] for a double-ended tuning fork.
Thus, the frequency shift of the TBTF can be given by the expres-
sion as follow:
f  = fr − f0
f0
=
√
1 + nF l
2
Ebh3b
(3)
When the magnetostrictive plate is subject to a magnetic ﬁeld
along its longitudinal direction, magnetostrictive stress is induced
in the longitudinal direction. At a DC magnetic ﬁeld or at a ﬁeld
with its frequency far below the natural frequency of the magne-
tostrictive plate, the distribution of the magnetostrictive strain is
nearly uniform along its longitudinal direction [18]. In this manner,
the magnetostrictive stress M is
M = E (H) (H) (4)
where, E (H) and ε (H)are the elastic modulus and magnetostrictive
strain at external magnetic ﬁeld H, respectively.Then, the longitu-
dinal force FM generated by the magnetostrictive plate is
FM = AMM = AME(H)ε(H) (5)
where, AM is the cross-sectional area of the magnetostrictive plate.
Assuming a transmission efﬁciency ˇ
(
0 <  ˇ < 1
)
, then the
induced axial force F of the TBTF can be given byThe magnetostrictive strain and elastic modulus can be calcu-
lated by a non-linear constitutive model. The constitutive model
proposed by X. J. Zheng et al. [19] can accurately predict the curves
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Fig. 4. Frequency response of the TBTF/TbxDy1-xFe2-y based sensor under various
DC  magnetic ﬁelds.ig. 2. The magnetostrictive strain and stress as a function of DC magnetic ﬁeld.
f magnetostrictive strain of TbxDy1-xFe2-y versus applied magnetic
eld. Taking the typical parameters of TbxDy1-xFe2-y as follow:E0 =
0GPa, Es = 110GPa, 	m = 18, 
s = 800ppm, 0Ms = 0.8T, we  cal-
ulate the magnetostrictive strain and stress as a function of DC
eld by the model in[19], as shown in Fig. 2. As can be seen, the cal-
ulated strain curve is well agreement with the experimental curve,
specially in the region of the moderate magnetic ﬁeld and the high
eld. In addition, the magnetostrictive stress increases approxi-
ately linearly with the increase of the DC ﬁeld, and it reaches
2.65 MPa  at the ﬁeld of 1000 Oe.
For conﬁrming the sensing mechanisms, the TBTFs as illustrated
n Fig. 1 are presently designed and fabricated from a 0.3 mm thick
eryllium bronze (Be-bronze) thin sheet. The Be-bronze is non-
agnetic elastic alloy, and generally used as an elastic element or
 mechanical vibrator. The TBTF is with a length of 32 mm,  a width
f 6 mm,  a thickness of 0.3 mm and the vibration beams in the TBTF
re with lengths of 12 mm and widths of 2 and 1 mm.  The distance
etween the beams is 0.5 mm.  The size of the magnetostrictive
bxDy1-xFe2-y plate is 36mm × 6mm  × 1 mm.
Taking the typical parameters of Be-bronze with Eb = 130GPa,
 = 8260kg/m3 and the geometrical parameters of the TBTF into
3), we obtain the frequency shift as a function of DC ﬁeld at
arious transmission efﬁciency (i.e.,  ˇ = 5.6%, 10%, 20%, 40%, 60%),
s shown in Fig. 3. Corresponding to the relationship of magne-
ostrictive stress versus DC ﬁeld, the frequency shift also increases
pproximately linearly with the increase of DC ﬁeld. Furthermore,
here are total frequency shifts of 1.67% for  ˇ = 5.6%, 2.97% for
 = 10%, 5.85% for  ˇ = 20%, 11.39% for  ˇ = 40%, and 16.67% for
 = 60% in the region of 0–1000 Oe (i.e., the magnetostrictive stress
n the region of 0- 32.65 MPa). The results indicates that the total
requency shift increases linearly with the increase of transmission
Fig. 3. The frequency shift of the TBTF as a function of DC magnetic ﬁeld.efﬁciency ˇ. Referring back to Fig. 2, the magnetostrictive stress
achieves 32.65 MPa  at the ﬁeld 1000 Oe. If the magnetostrictive
stress is converted into the axial force in TBTF without transmis-
sion loss or only with little loss, we can get a considerable frequency
shift.
3. Experiment
In order to verify this design, a prototype was  fabricated
and corresponding experiments were carried out. The TBTF was
fabricated by laser precision cutting technology with a cut pre-
cision of ±10 m.  Two  piezoelectric PZT8 ﬁlms with the size
6mm  × 2mm  × 0.1 mm were bonded on the surface regions at
each end of the central beam. Two rectangular ceramic plates
(in fact, PZT8 is used) with size of 10mm × 6mm  × 0.5 mm were
used as the supports and bonded on the ends of a magnetostric-
tive TbxDy1-xFe2-y plate with sizes of 36mm × 6mm  × 1 mm.  The
two ends of the TBTF were then bonded to the ceramic supports.
A thin Be–bronze bar was used to support at the middle of the
TbxDy1-xFe2-y plate, and both ends of the thin bar were anchored
during experimental test, as illustrated in Fig. 1. The TbxDy1-xFe2-y
plate was  magnetized along the longitudinal direction, and the
PZT8 ﬁlms were polarized in thickness direction.
Before bonding, the TBTF, the ceramic supports and the
TbxDy1-xFe2-y plate were all dipped in propanone to clean at ﬁrst.
After that, the elements were bonded together with epoxy adhe-
sive. At last, the sample was cured at room temperature for 24 h
under load to provide a strong bond between the layers.
The resonant sensor was  tested in an open-loop conﬁguration.
The PZT ﬁlm at one end of the central beam in the TBTF was driven
by an AC signal from the reference source in a lock-in ampliﬁer
(Stanford, SR830) sweeping over frequency. The pick-up voltage on
the other end of the central beam in the TBTF was measured by the
lock-in ampliﬁer. The external DC magnetic ﬁeld was generated by
a pair of annular permanent magnets (Nd-Fe-B) and it was applied
along the longitudinal direction of the sensors. The range of DC
ﬁeld achieved here was  0–1000 Oe, which was measured by a Gauss
meter.
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. Results and discussion
The frequency response was ﬁrst measured under various DC
elds by applying AC voltage of 0.5 V RMS  to the drive PZT. Fig. 4
hows the frequency response under various DC magnetic ﬁelds.
he resonance frequency at zero DC ﬁeld is found to be 7.436 kHz,
hich is higher than the value of 7.194 kHz by ﬁnite element anal-
sis. This may  be because of the bonded piezoelectric ﬁlms which
ncrease the stiffness of the vibration beam. In addition, the phase
ifference between the pick-up and drive signals is always about
0◦ at the resonance frequency which clearly changes with DC mag-
etic ﬁeld.
Fig. 5 shows the resonance frequency of the TBTF as a func-
ion of Hdc. It is clearly shown that the resonance frequency of
he TBTF increases approximately linearly with the increase of Hdc.
he changing tendency is accord with the magnetostrictive stress
urve shown in Fig. 2 and the simulation results shown in Fig. 3,
espectively. In other words, the magnetostrictive stress accord-
ngly causes the resonance frequency of the TBTF to shift. There is
Fig. 6. Displacement ﬁeld of the structure. The scale bar sors A 247 (2016) 453–458
a total frequency shift of 157 Hz (∼ 2.1% shift in frequency) for DC
ﬁelds in range of 0–1000 Oe. Therefore, the sensitivity by the fre-
quency shift can be approximately determined to be 0.157 Hz/Oe.
It can be found that the 2.1% shift in resonance frequency is much
smaller than the theoretical results with transmission efﬁciency
 ˇ > 10%. This means that there is a high transmission loss of the
magnetostrictive stress. We  attempted to ﬁnd out the transmis-
sion efﬁciency  ˇ by employing COMSOL to simulate the static force
behaviour of the device. Because the magnetostrctive module is not
available in COMSOL, the piezoelectric module is used to simulate
the magnetostrictive effect by analogy between magnetostrictive
effect and piezoelectric effect. In this way, the magnetostrictive
layer is treated as piezoelectric material. A DC voltage is applied
to generate a strain ∼582 ppm which corresponds to the strain
of TbxDy1-xFe2-y at the DC ﬁeld of 1000 Oe. The elastic modulus
in longitudinal direction of the magnetostrictive material is taken
as 56 GPa which corresponds to the typical value at the ﬁeld of
1000 Oe. As shown in Fig. 6, because the action of the magne-
tostrictive force is not located at the neutral axis of the structure,
a bending moment is generated. The bending moment results in
bending deﬂection of the structure. The bending deﬂection leads
to a small component of magnetostrictive force and strain in longi-
tudinal direction (X direction). In addition, the shear deformation
occurs in the adhesive layer, which also leads to the transmission
loss of the magnetostrictive force.
Detailed check shows that the elongation of the TBTF lr in X
direction is 0.786 m.  The axial force F is directly related to the
elongation lr or the strain lr/lrof the TBTF. It also can be given
byF = EbAr
lr
lr
(7)
hows the component along longitudinal direction.
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here, Ar andlr are the cross-section and the total length of the
BTF.From (6), the transmission efﬁciency  ˇ can be obtain as
 =
ArEb
(
lr/lr
)
AME (H) ε (H)
(8)
hen, the transmission efﬁciency  ˇ is calculated to be 5.6% which
orresponds to a frequency shift 1.67%. The difference between the
xperimental and simulated results may  because of the parameter
rrors or some unexpected reasons.
In our future work, the researches on reducing the transmission
oss will be carried out. In addition, the curve of the frequency shift
lso shows the behaviour of hysteresis loop when the external DC
eld increases and then decreases. For a magnetic sensor employ-
ng magnetic material, the hysteresis effect is inevitable, special
ethod has to be taken to reduce the hysteresis [20].
Fig. 7 shows the Q-factor of the TBTF in the resonant sensor
s a function of DC ﬁeld. The Q-factor is determined by the res-
nant frequency divided by its 3 dB frequency bandwidth. The
-factor is found to be relatively constant after an initial increase.
his phenomenon is valuable for a resonant sensor because a
igh Q-factor will lead to a high resolution of frequency shift. In
rinciple, the magneto-mechanical damping in magnetostrictive
bxDy1-xFe2-y has no inﬂuence on the Q-factor of the TBTF because
he TbxDy1-xFe2-y plate only generates a force which is converted
nto axial stress in the TBTF. In contrast, the Q-factor of the MPLC
ased resonator has shown a sharply decrease with increasing
C ﬁeld due to the ﬁeld dependent effect of magneto-mechanical
amping [6,21]. Our previously results show that the effective Q-
actor of a TbxDy1-xFe2-y/PZT vibrator has monotonic dropped from
bout 117 to 26 over DC ﬁeld from 0–400 Oe [21]. The experimental
esults reported by T.X. Nan et al. [6] showed that the Q-factor of
 215 MHz  resonator based on an AlN/(FeGaB/Al2O3) heterostruc-
ure has dropped from 735 to 250 and then increased to 1400
ver DC ﬁeld from 0 ∼ 50O e. In fact, the magnetostrictive layer in
 MPLC based vibrator or resonator is forced to vibrate following
he piezoelectric layer. This induces the ﬁeld-dependent magneto-
echanical damping including macroscopic and microscopic eddy
urrent loss in the magnetostrictive layer. For a MPLC, the effective
-factor of the vibrator also can be given by [22]
1
Q
= nm
Qmag
+
np
Qpiezo
+
1-nm-np
Qelec
(9)
here,Qmag is the effective Q-factor of the magnetostrictive layer,
piezo is the effective Q-factor of the piezoelectric layer,Qelec is the
ffective Q-factor of the electrode layers, nmis the volume ratio of
he magnetostrictive layer in the laminate composite, npis the vol-
me  ratio of the piezoelectric layer in the composite,1 − nm − np is
he volume ratio of the electrode layer in the composite. From (9),
he Q-factor of a vibrator or resonator based on a MPLC accordinglyors A 247 (2016) 453–458 457
depends on the magnetic ﬁeld due to the ﬁeld-dependent effect of
magneto-mechanical damping.
The design in this paper has shown a feasibility to realize a high
sensitivity magnetic sensor with high Q-factor and large frequency
shift. The performances of this magnetic sensor are expected to
be improved by the following methods: 1) employing the materi-
als with low internal loss such as quartz and silicon to fabricate
the TBTF; 2) depositing the piezoelectric driving and detecting
elements on the TBTF by using a screen-printing process [15] or
megnetron sputtering instead of adhesive bonding; 3) designing
an optimizing structure in which the neutral axis of the TBTF coin-
cides with that of the magnetostrictive actuator. In this manner, the
magnetostrictive force is converted into the axial force in the TBTF
with little transmission loss due to bending deﬂection. In addition,
a special shape of the magentostrictive plate should be designed so
that the magnetostrictive force directly actuates on the TBTF rather
than through the supports.
5. Conclusion
Based on the fact that the resonance frequency of a double
ended beam operating in ﬂexural mode is dependent on the force
applied along its longitudinal direction, a static and quasi-static
magnetic ﬁeld sensor with frequency shift was  developed by using
a DE-TBTF, a magnetostrictive plate and multiple piezoelectric PZT
plates. The magnetostrictive force induces an axial force in the TBTF
which causes the resonance frequency of the TBTF to increase. The
theoretical and experimental results show that the resonance fre-
quency shift of the TBTF increases approximately linearly with an
increase of DC ﬁeld. The total frequency shift is very considerable,
e.g., achieving 16.67% under the assumption of 60% transmission
efﬁciency of magnetostrictive force. A prototype of Be-bronze TBTF
based sensor was  fabricated, and a resonance frequency shift of
2.1% was  obtained by applying a DC magnetic ﬁeld in the range
of 0–1000 Oe. Our researches show a possibility and promising to
realize a highly sensitive magnetic sensor with high Q-factor and
digital frequency output.
Acknowledgment
The authors especially thank Dr. J.H. Li at the University of Sci-
ence and Technology Bejing who provides the TbxDy1-xFe2-y plate
and measures its magnetostrictive strain shown in Fig. 3 for us.
The authors gratefully acknowledge the supports of the National
Natural Science Foundation of China (No. 61471197, 51405231),
and Research Fund of the Administration of Quality and Technology
Supervision in Guangdong Province (No. 2015ZPJ01).
References
[1] C.W. Nan, M.I. Bichurin, S.X. Dong, D. Viehland, G. Srinivasan, Multiferroic
magnetoelectric composites: historical perspective, status,and future
directions, J. Appl. Phys. 103 (2008) 031101.
[2] J.Y. Zhai, Z.P. Xing, S.X. Dong, J.F. Li, D. Viehland, Detection of pico-Tesla
magnetic ﬁelds using magneto-electric sensors at room temperature, Appl.
Phys. Lett. 88 (2006) 062510.
[3] S.X. Dong, J.Y. Zhai, Z.P. Xing, J.F. Li, D. Viehland, Extremely low frequency
response of magnetoelectric multilayer composites, Appl. Phys. Lett. 86
(2005) 102901.
[4] S.X. Dong, J.Y. Zhai, J.F. Li, D. Viehland, Small dc magnetic ﬁeld response of
magnetoelectric laminate composites, Appl. Phys. Lett. 88 (2006) 082907.
[5] R. Jahns, S. Zabel, S. Marauska, B. Gojdka, B. Wagner, R. Knöchel, R. Adelung, F.
Faupel, Microelectromechanical magnetic ﬁeld sensor based on E effect,
Appl. Phys. Lett. 105 (2014) 052414.
[6] T.X. Nan, Y. Hui, M.  Rinaldi, N.X. Sun, Self-biased 215 MHz  magnetoelectric
NEMS resonator for ultra-sensitive DC magnetic ﬁeld detection, Sci. Rep.
(2013) 3.
[7] J. Kiser, P. Finkel, J. Gao, C. Dolabdjian, J. Li, D. Viehland, Stress reconﬁgurable
tunable magnetoelectric resonators as magnetic sensors, Appl. Phys. Lett. 102
(2013) 042909.
4 Actuat
[
[
[
[
[
[
[
[
[
[
[
[
[
B
L
t
a
sity, Shenyang, China, in 2005 and 2008, respectively, the PhD degree at Chongqing
University, Chongqing, China, in 2013. He has been with Guangdong Qingyuan qual-
ity  and metrology supervision testing institute, since 2013, where he has been a
metrology engineer since 2014. His research interests include sensing technology,
signal processing, and instrumentation.58 L. Bian et al. / Sensors and 
[8] S. Malay, P.T. Squire, Magnetomechanical damping in FeSiB amorphous wires,
J.  Appl. Phys. 73 (2) (1993) 871–875.
[9] J. Gutiérrez, J.M. Barandiarán, Z. Kaczkowski, Inﬂuence of thermal treatments
on  the elastic parameters in iron rich metallic glasses, Mater. Sci. Eng. A 370
(2004) 392–395.
10] M.  Barbic, L. Eliason, J. Ranshaw, Femto-Newton force sensitivity quartz
tuning fork sensor, Sens. Actuators A 136 (2007) 564–566.
11] J. Wang, C. Zhao, G.H. Zhao, X.F. Jin, S.M. Zhang, J.B. Zou, All-Quartz high
accuracy MEMS  pressure sensor based on double-ended tuning fork
resonator, Procedia Eng. 120 (2015) 857–860.
12] S. Sekar, J. Giermanska, J.-P. Chapel, Reusable and recyclable quartz crystal
microbalance sensors, Sens. Actuators B 212 (2015) 196–199.
13] S. Muraoka, A pplication of a quartz resonator to a force sensor built in a robot
ﬁnger for use in a grasp or recognition environment, Measurement 34 (2003)
229–244.
14] D.S. Randall, M.J. Rudkin, A. Cheshmehdoost, B.E. Jones, A pressure transducer
using a metallic triple-beam tuning fork, Sens. Actuators A 60 (1997) 160–162.
15] T. Yan, B.E. Jones, R.T. Rakowski, M.J. Tudor, S.P. Beeby, N.M. White, Design
and  fabrication of thick-ﬁlm PZT-metallic triple beam resonators, Sens.
Actuators A 115 (2004) 401–407.
16] Harrie A.C. Tilmans, Miko Elwenspoek, Jan H.J. Fluitman, Micro resonant force
gauges, Sens. Actuators A 30 (1992) 35–53.
17] A. Cheshmehdoost, B.E. Jones, Design and performance characteristics of an
integrated high-capacity DETF-based force sensor, Sens. Actuators A 52
(1996) 99–102.
18] L. X. Bian, Y. M.  Wen, P. Li, Dynamic magneto-mechanical behavior of
TbxDy1-xFey alloy under small-signal AC drive ﬁelds superposed with various
bias ﬁelds, IEEE Trans. Magn., accept.
19] X.J. Zheng, X.E. Liu, A nonlinear constitutive model for Terfenol-D rods, J. Appl.
Phys. 97 (2005) 053901.
20] D. Davino, C. Visone, C. Ambrosino, S. Campopiano, A. Cusano, A. Cutolo,
Compensation of hysteresis in magnetic ﬁeld sensors employing Fiber Bragg
Grating and magneto-elastic materials, Sens. Actuators A 147 (2008) 127–136.
21] L.X. Bian, Y.M. Wen, P. Li, Field-dependent characteristics of equivalent circuit
parameters and the magneto-impedance effect in
Tb1-xDyxFe2-y/Pb(Zr,Ti)O3laminate vibrator, Sens. Actuators A 236 (2015)
338–342.
22] F. Yang, Y.M. Wen, P. Li, M.  Zheng, L.X. Bian, Resonant magnetoelectric
response of magnetostrictive/piezoelectric laminate composite in
consideration of losses, Sens. Actuators A 141 (2008) 129.
iographieseixiang Bian was  born in Jiangsu, China. He received the B.E. degree in elec-
ronic science and technology and the Ph.D. degrees in instrumentation science
nd technology from Chongqing University, Chongqing, China, in 2004, and 2009,ors A 247 (2016) 453–458
respectively. He is currently an associate Professor with the school of Mechanical
Engineering, Nanjing University of Science and Technology. His research interests
include sensing technology, energy harvesting and vibration control.
Yumei Wen  received the BE degree in Electronics from Beijing Aeronautic and Astro-
nautic University, Beijing, China, in 1984, the ME degree from the China Academy of
Launch Vehicle Technology in 1987, and the PhD degree from Chongqing University
in  1997. She is currently a Professor with the School of Electronic Information and
Electrical Engineering, Shanghai Jiaotong University. Her research interests include
sensors and instrumentation, signal processing, energy harvesting devices, and LED
lighting.
Ping Li received the BE degree in Electrical Engineering and the ME  and PhD degrees
in  Instrumentation Science and Technology from Chongqing University in 1984,
1995, and 2003, respectively. He is currently a professor with School of Electronic
Information and Electrical Engineering, Shanghai Jiaotong University. His research
interests include sensors and actuators, measurement and instrumentation, self-
powered and energy harvesting devices, smart structures, and LED lighting.
Yifan Wu was  born in Hunan, China, in 1993.He received the B.E degree in electronic
and  information engineering from Nanjing University of Science and Technology,
Nanjing, China, in2015. He is currently pursuing the M.E. degree at Nanjing Univer-
sity of Science and Technology. His research interests include sensing technology
and  magnetoelectric composites.
Xibei Zhang was  born in Nanjing, China, in 1995. She is currently an undergraduate
in  Electronic Engineering & Photoelectric Technology Department of Nanjing Uni-
versity of Science and Technology. Her main research interests are the applications
of Zigbee and the design of intelligent sensor.
Ming Li received the BE degree in electronic and information engineering, the ME
degree in test measurement technology and instruments from Northeastern Univer-
